Novel nano-composite particles: titania-coated silica cores ABSTRACT Purpose -The purpose was to develop methods to produce white composite pigments consisting of a silica core with a titania shell.
INTRODUCTION
Titanium dioxide (TiO2) is the principal white pigment because of its scattering power, which is superior to that of any other white pigment. It occurs in nature in the crystalline form rutile, anatase and brookite. Rutile and anatase are manufactured in large quantities and are primarily used as pigments but also as catalysts and in the production of ceramics.
Two processes, the sulphate process and the chloride process, are used to make TiO2 (Braun et al., 1992) . The major objection against the sulphate process has been the amount of by-product gypsum it produces. The chloride process is considered as a more environmentally friendly method of producing TiO2. In general, however, the environmental impact of TiO2 production is mostly a factor of the raw materials used, the effluent treatment processes and the degree of by-product development a particular plant has.
The scattering of light by TiO2 particles varies with particle size and reaches a maximum when the particle size is about one-half of the scattered wavelengths of light that are in the 250 to 300 nm size range (Forrest, 2001) . For maximum scattering efficiency, commercial TiO2 pigment should therefore be milled to a particle size narrowly distributed around a value in the 250 to 300 nm size range, which is normally not done (Forrest, 2001) . Further the pigment particles should be well dispersed and not aggregated in order to give optimal light scattering performance (Auger et al., 2003) . From environmental considerations, it is of interest to use raw material as little as possible, which are available in limited supply and negatively affect the environment when they are refined to TiO2.
Recently, there have been several papers discussing monodisperse nanocomposites obtained by the deposition of titania onto silica cores (Li and Dong; Ryu et al., 2003; Choi et al., 2005) . However, the titania source has been expensive titaniumalkoxides and the amount of titania coated onto the silica core has been relatively low.
Therefore an objective of the present investigation was to develop methods for coating silica core particles with TiO2 in an effort to obtain composite particles with well-defined and carefully controlled ratios between particle diameters and thickness of titania coating.
EXPERIMENTAL Materials
Tetraethyl ortosilicate (TEOS), technical grade: minimum 98 weight-%, from Hüls Sverige AB. Titanium tetrachloride (TiCl4), technical grade: minimum 99.8 weight-%, from Tioxide Ltd. Sodium silicate ratio: 3.3, technical grade with a dry content of 36.0 weight-%, from Akzo-Nobel.
Sodium aluminate, NaAlO2, purum, containing 55 weight-% Al2O3, from KEBO LAB AB. All other chemicals were of pro analysi grade.
Preparation of titania-coated particles

Silica core particles
Uniform silica core particles of well-defined mean diameters in the range from 0.3 to 0.5 μm were prepared by hydrolysis of TEOS in an aqueous medium containing ammonia as a catalyst (Stöber et al., 1968) . The reaction temperature was varied to give different mean particle diameters.
The obtained water-based silica sol had a concentration of SiO2 of about 5 weight-%.
Aluminosilicate sites
Sodium aluminate was used to introduce aluminosilicate sites onto the surface of the silica cores (Iler, 1976) . A solution of sodium aluminate was prepared by dissolving 11.66 g sodium aluminate powder in 24.82 g water under heating and stirring. While stirring vigorously various amounts of sodium aluminate solution were slowly added to the silica sols (the cores), from previous section, in order to provide 0.6 and 1.5 aluminosilicate sites per nm 2 of silica surface, see table 1. The sols were heated at 90 °C for 2 hours whereby aluminate ions were exchanged into the silica surface. The initial pH of the silica sols was about 8.5 and the pH increased by 0.1 to 0.2 units during aluminate modification. 
Charge reversal
Titania coating of the silica core
The charge-reversed silica cores were pH-adjusted to pH 1.5 or 2.0 and the temperature was raised to 75 °C, over a period of approximately 10 min. A freshly made solution of titanium tetrachloride was added at a rate of 0.2 mmol TiO2 per square meter of core surface area and hour. The solution of titanium tetrachloride used in the experiments was the same as that used in earlier section. The pH was maintained at pH 1.5 or 2.0 by continuously adding a solution of 3.75 mol/dm 3 NaOH. The ionic strength was kept low by continuous ultrafiltration of the sols during the coating process through a fluoropolypropylene membrane, with a cut-off of 100000 g/mol in minilab 10 units from DOW Danmark A/S to give a more uniform coating (Iler, 1976) . The operation was performed at a constant volume by adding water, the pH of which had been adjusted to either 1.5 or 2.0.
Dispersal of the titania-coated silica cores
The sols of titania-coated silica cores were charge-reversed by adding the sols to a solution of 3.3 molar ratio sodium silicate, containing 3.0 per cent SiO2 by weight under stirring at room temperature. The amount of sodium silicate corresponds to a SiO2/TiO2 -coated core weight ratio of 0.03. The pH was always higher than 9.0 during the charge reversal and was afterwards adjusted to pH 9.5. Using ultrafiltration as described above, the sols (coated cores) were concentrated and washed with water of pH 9.5 and containing 150 ppm SiO2. They were further concentrated to solids contents above 25 % by weight using vacuum evaporation.
Material characterisation
The size of the sol particles was determined by dynamic light scattering (Brookhaven BI-90 particle sizer). Scanning electron microscopy (JEOL JSM-5200) was used to determine the particle size distribution and to study the surface of the particles. The electrophoretic mobility of the particles was measured at pH 2.0 in 10 mM HCl and at all other pH values in 10 mM NaCl, using a Zetasizer IIc Partilce Electrophoresis Analyzer (Malvern Instruments Inc., Southbourough, MA, USA). The concentrations of titania and silica in the permeates and supernatant liquids were determined spectroscopically by measuring the absorbance at 410 nm of complexes between titania and hydrogen peroxide (Charlot, 1964) and between silica and ammonium heptamolybdate (Iler, 1979) , respectively, using a Shimadzu UV-160 A, spectrophotometer. A Siemens D5000 powder X-ray diffractometer was used for the X-ray diffraction measurements.
RESULT AND DISCUSSION
Coating of the silica core with titania
The effect of the incorporation of aluminosilicate sites onto the silica surface
Because the isoelectric point of silica is between pH 1.7 and 2.0, silica sols have a low surface charge at pH below 7 (Iler, 1979) . If, however, negatively charged aluminosilicate sites are generated on the surface by heating the sols with sodium aluminate, the surface will remain negative at pH down to about 2. (Iler, 1979) . It is reasonable to assume that positively charged subcolloids or polycations of titania, existing only in quite acidic solutions, would adsorb more readily onto a negatively charged aluminate-modified silica surface than on an almost neutral, unmodified silica surface. To test this hypothesis silica particles with a diameter of 300 nm were heated with a sodium aluminate solution under conditions such that the silica surface contained 0, 0.6 or 1.5 aluminosilicate ions per nm 2 (sol 1A, 1B and 1C) in table I. Table I shows that the particles containing 1.5 aluminosilicate sites per nm 2 had the highest charge at pH 2.0 as determined from electrophoretic mobility measurements. Care had to be taken to measure the charge very soon after the pH of the sol had been adjusted to 2.0 because at this pH aluminium will begin to dissolve out from the particle surface. (It takes only about 3-4 min for the aluminate-modified particles to loose their charge at pH 2.) The table also shows that after charge reversal, accomplished by adding the silica sols to a solution of titanium tetrachloride of a pH below 1.5, the silica sol (2C) containing the high amount of aluminium per nm 2 again had the highest charge but now positive, indicating that this surface adsorbed more positively charged titania species than the other silica sols, i.e. 2A and 2B, with 0 or 0.6 Al per nm 2 . Adjusting the pH of the dispersion of charge-reversed sol to 1.5 (from about 1.4) and heating at 75 °C for about 10 min increased the charge on all three types of sol particle, but somewhat more for the particles containing most aluminium (3C). The titanium concentration in the aqueous phase of this silica sol was lower than in the other silica sols indicating that particle surfaces having a high surface concentration of negative sites adsorb titania species more effectively compared with 4A-C. (Take in Table I) Figures 1-3 show that after coating the charge-reversed sol with titania, adding titanium chloride at a rate of 0.2 mmol TiO2* h -1 * m -2 and in an amount corresponding to 233 % titania, based on the weight of silica while maintaining the pH at 1.5, the best result was obtained with the sol containing silica core particles with 1.5 Al-sites per nm 2 surface. The particles are discrete and appear to be uniformly coated with a layer of titania (figure 3). The particles with 0.6 Al-sites per nm 2 surface seem to be somewhat less uniformly coated and also somewhat aggregated (Figure 2 ).
If no alumina is present on the particle surface, not all the added titania is deposited on the core particles but form secondary titania particles in the dispersion, which aggregate with themselves and with partially coated core particles (Figure 1 ). (Take in Figures 1, 2 and 3) The effect of the pH in the coating stage.
Coating of silica cores with titania has been suggested to take place by heterogeneous nucleation on the core surface (Hsu et al, 1993) . The following mechanism for the reaction has been proposed and assumed that step two was the rate determining step and that the rate of reaction increases rapidly with increasing pH (Matijevic´ et al, 1977) .
E + F ⇒ TiO2 crystals (4) pH has been recognised (and also agitation, see next section) as an important parameter in the process of coating silica cores with titania (Kohlschütter et al.,1970) . Following their lead, the effect of pH on the quality of titania coating on silica cores was investigated. Because the iep of titania is about 5.5 to 6.0 it follows that the positive charge on titania particles decreases with increasing pH (Barringer and Bowen, 1985) .
Aggregation that is due to diminishing electrostatic repulsion between the particles could therefore occur if coating takes place at pH values approaching the iep from the acid side. On the other hand, it has been reported that uniform coating of silica cores with titania is favoured by low ionic strength (Hsu et al., 1993) , which speaks against low pH where the ionic strength is high. Moreover, the solubility of titania increases with decreasing pH (Look and Zukoski, 1992) , an event that could lead to substantial losses of titania through the ultrafiltration membrane used in the coating procedure. Obviously, one must find a pH at which the uniformity of the coating is maximised whereas losses of titania and aggregation are minimised. Thus coating 300 nm aluminium silicate modified silica sols, 3C, using an addition rate of titanium chloride of 0.2 mmol h -1 m -2 and in an amount corresponding to 233 % titania based on the weight of silica, yielded a more dispersed system at pH 2.0 (Figure 4 ) than that at pH 1.5 (Figure 3 ). The concentrations of titania in the aqueous phase at pH 1.5 and 2.0 were 178 and 130 ppm, respectively, suggesting that the losses of titania at pH 1.5 were about 50 % higher than at pH 2.0, although at both pH values the losses were negligible (less than 0.4 % of the titania was lost through the microfiltration membrane at pH 1.5). A higher chloride concentration (e.g. solutions acidified with HCl) has been reported to yield a grainier surface of TiO2 particles. The particles in figure   3 are grainier than the particles in figure 4 (pH 2.0), a finding in accord with those of Look and Zukoski 1992. (Take in Figure 4) The effect of agitation.
Agitation is a common, and often necessary, means of maintaining a colloidal system in a highly dispersed state during its formation or while it is being modified, such as in the case of coating a colloidal dispersion of silica cores with titania. To investigate the importance of agitation on the degree of dispersion 300 nm aluminosilicate modified silica cores, 3 C, were coated at pH 2.0 at 75 °C with 400 % TiO2 at a coating rate of 0.2 mmol TiO2 m -2 h -1 with no other agitation than that provided by the circulation pump of the ultrafiltration unit and with moderate additional agitation provided by a mechanical stirrer. Figure 5 shows that the titaniacoated silica cores made with no extra agitation were quite aggregated whereas even moderate stirring considerably improved the state of dispersion ( Figure 6 ). (Take in Figures 5 and 6) The coating thickness.
In previous section, the effect of the pH in the coating stage, the effect of the ionic strength of the titania coating was discussed. A high ionic strength, such as, at low pH or high salt concentrations, is detrimental to the uniformity of the coating and to the high degree of dispersion of the colloidal particles ( Figure 7 below and also reference (Hsu et al., 1993) . By using ultrafiltration to wash out salts, it is possible to achieve uniformly coated silica cores (Figure 8 ) with up to 400 % titania based on the weight of silica and at solids contents of at least 8 % by weight (Figures 6 and 9 ).
(Take in Figures 7, 8 and 9) The dispersion of the titania particles
To obtain an optimal scattering efficiency it is vital that the titania coated silica particles are well dispersed. Measurements of the hydrodynamic diameter of the titania-coated cores dispersed in sodium silicate solution, being negatively charged, and comparing it with the theoretical diameter (Table II) indicated that the titania-coated silica particles were well dispersed when considering that dynamic light scattering depends strongly on particle size. If only a smaller amount of the particles were twins, they would give a substantial contribution to light scattering and therefore give a larger mean particle diameter. (Take in Table II )
Light scattering in pigmented coatings
The measurements and the four-flux model used to calculate reflectances of commercial TiO2 pigments and TiO2 coated SiO2 particles hosted in a copolymer of ethylene and vinyl acetate have been described elsewhere (Vargas et al., 2000) .
CONCLUSIONS
1. It is possible to produce a well-dispersed composite titania-silica particle of desired size and titania/silica ratio by coating a silica core via forced hydrolysis of the TiCl4 solution.
2. To obtain a homogeneous titania coating it is important that the silica surface is aluminate-modified, in an amount corresponding to about 1.5 aluminosilicate sites per nm 2 silica surface.
3. The aluminate-modified silica sol should be charge-reversed before the coating process starts.
4. It is also important to perform the coating under such conditions that the electrolyte content is kept low (e.g. by continues wash-out by ultra-filtration) and to keep the pH in the region of 2.0 to obtain a uniform titania coating of the silica core.
5. Good agitation is needed to prevent agglomeration of particles during the coating process. Table I : Electrophoretic mobility at pH 2.0 (m 2 *V -1 *s -1 *10 8 ).
TABLES
Step Sol A from step 1 will be noted by 1A and so on in the text. 500 nm, 138 % -3.12 660 590 dptheoretical = dpcore * (1 + amount titania on the core * ρSiO2 /ρTiO2) 1/3 ρTiO2 (anatase) = 3.9 g/cm 3 (Forrest, 2001) ρSiO2 (Stöber sols) = 1.8 g/cm 3 (Coen and Kruif, 1988) FIGURES Figure 1 : SEM micrograph, silica core with a particle diameter of 300 nm,
